1. Introduction {#sec0005}
===============

Porcine circovirus (PCV) type 2 (PCV2) was initially recognized in 1998 ([@bib0010], [@bib0405], [@bib0445]) but based on retrospective molecular and serological investigations it is now known to have been present in the global pig population many decades prior to its discovery ([@bib0230]). PCV2 is a small, single-stranded, ambisense DNA virus ([@bib0695], [@bib0680]) that belongs to the genus *Circovirus* in the family *Circoviridae* ([@bib0700]). PCVs contain two major open reading frames (ORFs) oriented in opposite directions which encode for proteins associated with replication (ORF1) and the virus capsid (ORF2) ([@bib0385], [@bib0450]). Recent phylogenic investigations indicate that PCV2 can be further subdivided into several types of which PCV2a and PCV2b are highly prevalent in the pig population and are present worldwide ([@bib0100], [@bib0625]). The various clinical manifestations of PCV2 infection in pigs across age groups have been summarized as "porcine circovirus disease" (PCVD) in Europe ([@bib0605]) and as "porcine circovirus associated disease" (PCVAD) in North America ([@bib0485]). PCVAD includes systemic disease characterized by wasting and growth retardation and better known as postweaning multisystemic wasting syndrome or PMWS ([@bib0195]), respiratory disease often with other respiratory pathogens as part of the porcine respiratory disease complex or PRDC ([@bib0200]), enteric disease characterized by diarrhea in grow-finish pigs ([@bib0240]), reproductive disease associated with small litter sizes and increased numbers of stillborn and mummified fetuses ([@bib0370]), and porcine dermatitis and nephropathy syndrome or PDNS ([@bib0580]). To the authors' knowledge, PDNS is the one PCV2-associated clinical manifestation that has never been experimentally reproduced. It has been suggested that the underlying pathogenic mechanism for development of PDNS is a rapid-onset of systemic coagulation that could be induced by any number of combinations of endotheliotropic pathogens or toxins with or without PCV2 ([@bib0310]).

Several studies have demonstrated that PCV2 is the primary and essential etiological agent in the pathogenesis of PCVAD ([@bib0065], [@bib0150], [@bib0335]). However, experimentally, PCVAD is reproduced most efficiently and consistently when PCV2 inoculation is done in conjunction with other swine pathogens. Several of these PCV2-co-infection models have evolved to nicely mimic what is observed in the field ([@bib0020], [@bib0030], [@bib0155], [@bib0205], [@bib0250], [@bib0265], [@bib0275], [@bib0305], [@bib0460], [@bib0495], [@bib0465], [@bib0500], [@bib0470], [@bib0475], [@bib0490], [@bib0585], [@bib0635], [@bib0645]) and these models have allowed the body of knowledge on the pathogenesis of PCV2 to continue to advance. It is well known that PCV2 has a tropism for lymphoid tissues where it accumulates in large numbers in the cytoplasm of macrophages in depleted lymphoid follicles ([@bib0650]). PCV2 is one of the smallest viruses known to mankind ([@bib0700]) and lacks its own enzymes so viral DNA intermediates are generated in host cell nuclei and they depend on host cell enzymes present in the synthesis (S) phase of the cell cycle for completion of the replication cycle ([@bib0690]). Virions are assembled in both nuclei and cytoplasm and released from infected cells in the absence of viral cytopathic effects *in vitro* ([@bib0015]).

Co-infections can be frequently identified in field cases of PCVAD ([Fig. 1](#fig0005){ref-type="fig"} A). A retrospective analysis of 484 systemic PCVAD cases collected in the Midwestern United States between 2000 and 2001 revealed that singular PCV2 infection was found in only 1.9% (9/484) of the cases investigated ([@bib0520]). Porcine reproductive and respiratory syndrome virus (PRRSV) was detected in 51.9% (251/484) of the cases, the combination PCV2 and *Mycoplasma hyopneumoniae* (*M. hyopneumoniae*) was found in 35.5% (172/484) of the cases, and both PCV2 and swine influenza virus (SIV) were detected in 5.4% (26/484) of the PCVAD cases ([@bib0520]). A similar study conducted in 2009 and involving 200 systemic PCVAD cases collected in the same region as in the 2000/2001 study revealed the following: PRRSV was detected in 60.0% (120/200) of the cases ([Fig. 2](#fig0010){ref-type="fig"} A), the combination of PCV2 and *M. hyopneumoniae* was found in 15.5% (31/200) of the cases ([Fig. 3](#fig0015){ref-type="fig"} A), and both PCV2 and SIV were detected in 13.0% (26/200) of the PCVAD cases (Opriessnig, unpublished data). The main difference between the data obtained in 2000/2001 and those obtained in 2009 was a higher percentage of cases without concurrent pathogen detection and increased isolation of common secondary bacterial invaders such as *Arcanobacterium pyogenes* ([Fig. 4](#fig0020){ref-type="fig"} ).Fig. 1Pigs concurrently infected with PCV2 and PRRSV. (A) Field case. (B) Experimentally inoculated pigs 12 days post infection (Opriessnig et al., unpublished). The pigs had decreased weight gain, rough hair coat and respiratory distress.Fig. 2Lungs from pigs concurrently infected with PCV2 and PRRSV. (A) Field case. There is cranioventral tan consolidation, failure of the lung to collapse and diffuse mottling of the caudodorsal lung surface. *Pasteurella multocida* was isolated from this lung in addition to PRRSV and PCV2. (B) Lungs from pigs experimentally inoculated with PCV2 and PRRSV 12 days after co-infection (Opriessnig et al., unpublished). There is failure of the lung to collapse and severe multifocal-to-diffuse tan mottling and consolidation of most of the lung surface.Fig. 3(A) Field case. Lung from a pig concurrently infected with PCV2 and *Mycoplasma hyopneumoniae*. PRRSV was also present as determined by immunohistochemistry. There are cranioventral dark purple consolidated areas typical of *M. hyopneumoniae* infection and the lung failed to collapse. (B) Lung from a pig experimentally co-infected with PCV2 and *M. hyopneumoniae* 21 days post PCV2 inoculation and 35 days post *M. hyopneumoniae* inoculation ([@bib0495]). The lesions are similar to those described in the field case in Part B. (C) Lungs from a pig experimentally inoculated with PCV2 alone 21 days post infection ([@bib0495]). Note the normal lung surface and the enlarged tracheobronchiolar lymph nodes.Fig. 4Comparison of pathogen detection in cases of systemic PCVAD collected in the Midwestern United States in 2000/2001 ([@bib0520]) or in 2009 (Opriessnig, unpublished). Data are presented in percentages of total numbers of cases investigated (*n* = 485 for 2000/2001 and *n* = 200 for 2009).

In 2007, the prevalence of PCV2 and co-infecting pathogens in 3-, 9-, 16-, and 24-week-old pigs from 41 different 1-, 2-, and 3-site production systems located in the United States was investigated ([@bib0135]). Compared with PCV2-negative pigs, PCV2-positive pigs were more likely to be infected with SIV and *M. hyopneumoniae*. Additionally, PCV2-positive pigs had higher serum anti-PRRSV antibody titers and more severe lung lesions. Overall in PCV2-positive pigs, co-infections with SIV, *M. hyopneumoniae*, and PRRSV were determined to be most important and to have the greatest effect in the early to late nursery phase in 3-site production systems ([@bib0135]).

Under field and experimental conditions, a variety of pathogens have been found to directly enhance PCV2 replication, lesions and disease. To the authors' knowledge, investigations of PCVAD epidemics in different countries and continents did not reveal a distinct co-pathogen that can be solely attributed to enhancing the severity of PCVAD. It is more likely that co-pathogens in PCVAD vary from region to region and herd to herd but utilize similar mechanisms which result in enhancement of PCVAD.

2. PCV2 and concurrent viral infections {#sec0010}
=======================================

2.1. Porcine parvovirus {#sec0015}
-----------------------

Porcine parvovirus (PPV), a linear, single-stranded, negative-sense, non-enveloped DNA virus of about 5 kb in genome size, belongs to the family *Parvoviridae* ([@bib0435]) and is widespread in the pig population. Similar to PCV2, PPV has a strong cellular tropism for mitotically active tissues like lymph nodes or heart muscle ([@bib0015], [@bib0505]). Based on pathogenicity and tissue tropism, PPV-isolates have been classified as non-pathogenic ([@bib0120], [@bib0525]), pathogenic to non-immunocompetent fetuses leading to death ([@bib0415]), pathogenic to immunocompetent fetuses and inducing dermatitis ([@bib0115], [@bib0315], [@bib0340], [@bib0345]), or enteric ([@bib0125], [@bib0145]). While incoming gilts, and less often sows, are routinely vaccinated to protect against PPV-associated reproductive losses, infection of growing pigs with PPV is typically not associated with clinical disease ([@bib0020], [@bib0075], [@bib0265], [@bib0305], [@bib0460]) and producers rarely monitor for or implement control strategies for PPV in growing pigs.

In 2000, a Canadian field investigation was conducted which involved 106 pigs ranging in age from 4 to 12 weeks ([@bib0160]). PPV and PCV2 co-infection was demonstrated in 17.4% (12/69) of pigs with naturally acquired PCVAD. In contrast, there was no evidence of the presence of PCV2 DNA in age-matched control animals suffering from *Streptococcus suis* infection ([@bib0160]). This study provided important early evidence that PPV is likely a significant co-factor in PCVAD under field conditions. In further support of the importance of PPV in PCVAD, PPV DNA was demonstrated by in situ hybridization in 25.6% (34/133) of Korean PCVAD cases ([@bib0280]). When 142 skin sections obtained from pigs diagnosed with exudative epidermitis were further investigated, PCV2 alone, PPV alone, or concurrent PCV2 and PPV infection were demonstrated in 8.5% (12/142), 11.3% (16/142) and 42.3% (60/142) of the tissues, respectively ([@bib0270]). Distinct positive PCV2 and PPV labeling was found throughout the inflammatory areas in the dermoepidermal junction, the superficial dermis, and occasionally in macrophages in lymphoid tissues further emphasizing the high prevalence of concurrent PCV2 and PPV infection in growing pigs, especially in pigs with exudative epidermitis ([@bib0270]).

The first experimental study demonstrating the potentiating effect of another pathogen, in this case PPV, on PCV2 was conducted in 1999 ([@bib0150]). The investigators were able to reproduce most of the lesions typical of systemic PCVAD in gnotobiotic pigs inoculated with filtered cell culture material and filtered lymphoid tissues from pigs with naturally acquired disease. Both, PCV2 and PPV and antibodies to these viruses were detected in the experimentally-inoculated pigs ([@bib0150]). Several groups have since demonstrated that pigs dually-inoculated with PCV2 and PPV develop more severe disease and lesions than pigs infected with PCV2 alone ([@bib0020], [@bib0210], [@bib0265], [@bib0275], [@bib0285], [@bib0460], [@bib0510]). Interestingly, PCV2 potentiation by PPV appears to be independent of sequence of infection. When piglets born to sows exposed to PCV2 21 days before the expected farrowing date were infected with PPV intranasally at 4 weeks of age, they developed microscopic lesions consistent with PCVAD and very similar to the lesions in pigs with concurrent PPV--PCV2 inoculation at 4 weeks of age further highlighting the complex interaction of these two small DNA viruses ([@bib0185]).

Some believe that initial viral entry in co-infected animals occurs through tonsillar macrophages after which PCV2 and PPV replicate to some extent in circulating macrophages, contributing to the cell-associated viremia and to viral distribution throughout the lymphoid tissues ([@bib0275]). Early on, it was suggested that PPV-induced immune dysfunction promotes enhanced replication of PCV2 ([@bib0020]). In support of this, it was demonstrated that PPV replication occurred prior to PCV2 replication. In co-infected pigs, PPV antigen predominated in the tissues between 3 and 14 days post inoculation (dpi) with a maximum antigen load observed between 6 and 14 dpi whereas PCV2 antigen was first observed in minimal amounts in mesenteric lymph nodes at 10 dpi with increasing intensity and distribution of PCV2 antigen at 14, 17, 21, and 26 dpi ([@bib0035]).

While combined PPV--PCV2 infection in naïve animals can result in clinical PCVAD, it has been shown that the presence of passive immunity against PCV2 can prevent PCVAD, but may not prevent subclinical PCV2 infection ([@bib0510]). Three-week-old conventional pigs confirmed to have passively acquired antibodies to PPV and PCV2 were co-infected with PPV and PCV2 and half of the pigs (4/8) were vaccinated with a commercial *Actinobacillus pleuropneumoniae* vaccine at 3 dpi. Although PCV2 viremia was detected, none of the pigs developed clinical disease through termination of the study at 42 dpi indicating that the pigs with passively-derived immunity became PCV2 infected but remained subclinical ([@bib0510]).

The family *Parvoviridae* is very diverse and the subfamily *Parvovirinae* contains several genera known to infect pigs including the genus *Bocavirus* ([@bib0190], [@bib0735], [@bib0740]). In 2009, a novel porcine boca-like virus (Pbo-likeV) was identified in lymph nodes obtained from two Swedish pigs suffering from systemic PCVAD using random multiple displacement amplification and large-scale sequencing ([@bib0060]). Following the identification of Pbo-likeV in lymphoid tissues, additional samples from a healthy and a clinically affected pig were characterized and Pbo-likeV was identified in the PCVAD pig but not in the non-PCVAD pig ([@bib0060]). In a follow-up study, 34 PCVAD and 24 non-PCVAD pigs were screened by PCR for the presence of PCV2, torque teno sus virus species 1 (TTSuV1) and 2 (TTSuV2), and Pbo-likeV ([@bib0055]). The prevalence of these viruses in affected animals was 100% for PCV2, 77% for TTSuV-1, 94% for TTSuV-2, and 88% for Pbo-likeV. In non-PCVAD pigs the detection rates were as follows: 80% for PCV2, 79% for TTSuV1, 83% for TTSuV2, and 46% for Pbo-likeV leading to the conclusion that polyviral infections are common in PCVAD pigs and the synergistic effect of concurrent viral infection could contribute to expression of clinical disease ([@bib0055]). Recently, a novel PPV, PPV4, was identified in the lung lavage of a diseased pig co-infected with PCV2 in the United States ([@bib0105]). The importance of this finding is unknown at this point in time.

Although there is sufficient evidence that combined PPV and PCV2 infection is common under field conditions and it is well known that PPV--PCV2 co-infection can be detrimental based on experimental studies, to the authors' knowledge most veterinary diagnostic laboratories do not test growing pigs routinely for presence of PPV or other PPV-like viruses such as Pbo-likeV. PPV and PPV-like virus co-infections with PCV2 may be substantially underdiagnosed and perhaps more important than they are given credit for.

2.2. Porcine reproductive and respiratory syndrome virus {#sec0020}
--------------------------------------------------------

PRRSV is an enveloped RNA virus containing a positive-sense, single-stranded genome belonging to the family *Arteriviridae* and the genus *Arterivirus* of the order *Nidovirales* ([@bib0085], [@bib0430]). PRRSV was implicated very early as being important in the pathogenesis of PCVAD. Not surprisingly, several field studies conducted in Spain ([@bib0180], [@bib0615]), the United States ([@bib0135], [@bib0520], [@bib0545]), the Netherlands ([@bib0715]), Canada ([@bib0140]), and Italy ([@bib0440]) confirmed the interaction of PRRSV and PCV2. For example, a case-control study in the Netherlands, which included 60 clinically affected pigs and 180 pigs without clinical signs, identified combined PCV2 and PRRSV infection in 83% of the clinically-affected pigs and in 35% of the pigs from PCVAD-free herds ([@bib0715]). A case-control study in the United States, which included 31 pigs with a clinical history of wasting and microscopic lesions characteristic of PCVAD and 56 control pigs without PCVAD, revealed that among 10 viruses tested, PCV2 had the strongest association with PCVAD, but the risk for clinical PCVAD was much higher if the pig was concurrently infected with PRRSV ([@bib0545]). Moreover, when proliferative and necrotizing pneumonia cases were tested, concurrent PRRSV and PCV2 infection was confirmed in 40.5% (30/74) of cases in Spain ([@bib0180]), in 41.7% (25/60) in cases in Canada ([@bib0140]) and in 28.6% (8/28) of cases in Italy ([@bib0440]).

Colostrum-deprived (CD) pigs were co-infected with PCV2 and PRRSV at 1--2 days of age resulting in upregulation of PCV2 and presence of higher levels of PCV2 antigen in tissues compared to pigs singularly infected with PCV2 ([@bib0030]). However, the replication and distribution of PRRSV in concurrently infected pigs was not enhanced compared to that of pigs infected singularly with PRRSV ([@bib0030]). To further investigate the high prevalence of combined PRRSV and PCV2 infection in the United States ([@bib0200]), cesarean-derived colostrum-deprived (CDCD) pigs were co-infected with PCV2 and PRRSV at 3 weeks of age. It was demonstrated that combined PRRSV and PCV2 infection substantially increased the severity of clinical disease and lesions ([@bib0205]). Similarly, when conventional pigs were inoculated with PRRSV at 5 weeks of age and seven days later with PCV2, 14.3% (1/7) of the co-infected pigs died after developing wasting and respiratory disease, and PCV2 DNA was found in higher amounts in co-infected pigs compared to pigs infected with PCV2 alone, confirming that PRRSV infection enhances PCV2 replication ([@bib0585]).

In an attempt to further understand the role of PRRSV in PCVAD, 20 specific-pathogen-free (SPF) pigs were randomly divided into four groups with five pigs in each group and inoculated intranasally with PCV2, PRRSV, or PCV2 and PRRSV isolated from lymphoid and lung tissues from a clinically affected PCVAD herd with an on-farm mortality of 30% post placement in finishers (Opriessnig, unpublished observation). Pigs inoculated with PRRSV only and those co-infected with PRRSV and PCV2 developed moderate-to-severe clinical disease ([Fig. 1](#fig0005){ref-type="fig"}B) characterized by high and persistent fevers, sneezing, decreased weight gain, and lethargy. By 14 dpi, macroscopically the lungs failed to collapse, were congested and had diffuse and severe mottled-tan areas of consolidation ([Fig. 2](#fig0010){ref-type="fig"}B). Microscopic lesions in the PCV2--PRRSV co-infected group were characterized by severe lymphoid depletion of lymphoid follicles, moderate-to-severe bronchointerstitial pneumonia, and moderate-to-severe perivascular lymphohistiocytic cuffing in brain tissues which was not observed in singularly-PCV2 or singularly-PRRSV inoculated pigs (Opriessnig, unpublished observation). Besides being upregulated by PRRSV when administered around the same time or after PRRSV infection, initial PCV2 infection prior to PRRSV vaccination has previously shown to have a negative impact on PRRSV vaccine efficacy. Subclinical infection of pigs with PCV2 14 days before vaccination with a modified-live PRRSV vaccine resulted in significantly more severe PRRSV-induced macroscopic lung lesions after PRRSV challenge ([@bib0480]). Evidence of interaction of PCV2 with the attenuated vaccine strain of PRRSV was lacking in that study.

In addition to several *in vitro* studies using the live pig model, a few *in vitro* experiments have been conducted to investigate the interaction of PRRSV and PCV2. In a co-infection study using pulmonary alveolar macrophages, which are the target cells for PRRSV *in vivo*, PCV2-induced interferon (IFN) α, a type I interferon which mainly acts by activating natural killer cells, reduced PRRSV infection and the PRRSV-associated cytopathic effect ([@bib0095]). In another *in vitro* study, pulmonary alveolar macrophages were infected singularly or with combinations of PCV2b, PCV2a, chimeric PCV2aORF1--2bORF2 (ORF1 from PCV2a and ORF2 from PCV2b), and chimeric PCV2bORF1--2aORF2 (ORF1 from PCV2b and ORF2 from PCV2a) and one of five PRRSV isolates (Lin et al., 2011. *In vitro* interaction of PRRSV and PCV2. In: 50th Ann. North Central Conf. Vet. Lab. Diagn., Brookings, South Dakota, p. 21). PCV2 replication, which was measured by detection of spliced PCV2 mRNA, was observed in all groups after 24 h; however, after 48 h, it was limited to groups inoculated with PCV2 strains containing ORF1 of PCV2a (PCV2a, chimeric PCV2aORF1--2bORF2) concurrently infected with PRRSV (Lin et al., 2011. *In vitro* interaction of PRRSV and PCV2. In: 50th Ann. North Central Conf. Vet. Lab. Diagn., Brookings, South Dakota, p. 21) implying that the PRRSV isolates used in the study provided some selective replication advantage on certain PCV2a isolates. Combined PCV2--PRRSV infection and the expression of Fas and Fas ligand (FasL), a type-II transmembrane protein that belongs to the TNF family and induces apoptosis after binding with its receptor, was investigated on the surface of splenic lymphocytes, macrophages, and peripheral blood lymphocytes ([@bib0090]). Splenic lymphocytes and macrophages in the dually infected group displayed a significantly higher amount of Fas and FasL expression on the cell surfaces compared to the group singularly infected with PCV2. Therefore, the investigators believe it seems reasonable that lymphocyte depletion *in vivo* is in part the result of apoptosis due to increased Fas and FasL expression ([@bib0090]).

The results from the studies above highlight the interaction between PRRSV and PCV2 in potentiating clinical manifestation of disease and the importance of controlling PRRSV infection should be emphasized to swine veterinarians and producers in order to reduce PCV2 virus loads in pig populations.

2.3. Torque teno sus virus {#sec0025}
--------------------------

Torque teno sus virus (TTSuV) contains a single-stranded, circular-arranged, non-enveloped DNA genome of about 2.8 kb, but unlike PCV2, it is larger, lies in a negative sense array, and is currently classified into the genus *Iotatorquevirus* in the family *Anelloviriade* by the International Committee on Taxonomy of Viruses (ICTV) with two main TTSuV species including TTSuV1 and TTSuV2 ([@bib0220]). In a field study conducted in Spain, a significantly higher prevalence of TTSuV DNA was found in sera from PCVAD-affected animals (97%) than in sera from non-PCVAD-affected animals (78%) ([@bib0260]). Overall, this indicated a high prevalence of both TTSuV species with a higher frequency in clinically affected animals than in clinically normal animals and with an apparent association between PCVAD and TTSuV2 ([@bib0260]). These findings were further confirmed by a different Spanish study which found that TTSuV2 viral loads were significantly higher in PCVAD pigs; however, TTSuV1 prevalence and loads were not related with PCVAD ([@bib0040]). In contrast, in a Swedish study TTSuV DNA of both species was identified in tissues from clinically affected PCVAD pigs but also in tissues from a pig not suffering from PCVAD without differences between groups ([@bib0060]). In support of the Swedish findings, similar amounts of TTSuV DNA were identified in PCVAD and non-PCVAD pigs in Korea suggesting that TTSuV may not exacerbate PCVAD in all instances ([@bib0355]).

Recently, the presence of TTSuV1, TTSuV2 and PCV2 DNA was demonstrated in ovaries and semen samples from naturally infected sows and boars; however, there was no association of presence of PCV2 DNA or TTSuV DNA with any abnormalities of semen morphology or endometritis ([@bib0570]). When livers from conventional Serbian pigs with microscopic lesions consistent with hepatitis were investigated for pathogens by using PCR, concurrent infection of PCV2, hepatitis E virus (HEV), and TTSuV was demonstrated ([@bib0600]). Specifically, TTSuV DNA was detected in a total of 86% (25/29) of livers with hepatitis but only in 57% (12/21) of normal livers. Pigs which suffered from infectious hepatitis caused by HEV, PCV2, or both had a 1.5 times higher likelihood of TTSuV detection than pigs with normal liver tissues ([@bib0600]).

TTSuV currently cannot be cultured *in vitro* as permissible cells lines have not been identified. Therefore, experimental co-infection studies of pigs with TTSuV and PCV2 often rely on TTSuV contaminated tissues or sera as inoculum. Interestingly, TTSuV1 was shown to promote PCV2 infection and disease in gnotobiotic pigs; however, it was found that the sequence of infection was important as clinical disease was only observed when TTSuV1 infection preceded PCV2 challenge by seven days ([@bib0155]). The relevance of this finding is unknown as both PCV2 and TTSuV are widely distributed in swine populations. Based on the limited data available from field and experimental studies much more needs to be learned about this virus and its importance in PCVAD.

2.4. Porcine epidemic diarrhea virus {#sec0030}
------------------------------------

Porcine epidemic diarrhea virus (PEDV), a positive sense, single-stranded RNA virus, is a member of the genus *Coronavirus*, family *Coronaviridae*, order *Nidovirales* ([@bib0085], [@bib0540], [@bib0745]). PEDV can induce severe acute enteritis in pigs of all ages and PEDV infection is often fatal in neonatal piglets ([@bib0290], [@bib0535]). Korean pigs naturally infected with PEDV were recently investigated for presence of PCV2 ([@bib0245]). Among 107 small intestinal samples, PCV2 DNA was identified in 32.7% (35/107) and PCV2 antigen was found in 29.9% (32/107). Since most of the pigs in that study were less than three days old, prenatal *in utero* PCV2 infection was suspected ([@bib0245]). To further confirm the possible link between PEDV and PCV2, six pregnant sows were randomly allocated to an infected or a control group and three pregnant sows were inoculated intranasally with PCV2 three weeks before the expected farrowing date ([@bib0250]). Thirty piglets from the PCV2-infected sows and negative control sows were randomly assigned to two groups of 15 piglets each, respectively. The piglets in two of the groups, derived from PCV2-infected or negative control sows, were inoculated orally at 3 days of age with PEDV. In PEDV-infected piglets derived from PCV2-infected sows, significantly more PEDV RNA was detected in the jejunal tissues at 24 h after PEDV inoculation than in PEDV-infected piglets from PCV2 negative sows ([@bib0250]). This is highly suggestive of an influence of transplacental PCV2 infection on PEDV and possibly also on other neonatal viral infections.

2.5. Swine influenza virus {#sec0035}
--------------------------

Swine influenza virus (SIV), an enveloped, negative-sense, segmented RNA virus belonging to the family *Orthomyxoviridae* ([@bib0325]), infects the epithelium of the respiratory tract of pigs typically causing an acute disease of variable severity of coughing, fever, lethargy, and anorexia. There is field evidence indicating that SIV and PCV2 act synergistically in pigs with PRDC and both, PCV2 and SIV, can be identified frequently in the same pig under field conditions ([@bib0135], [@bib0200], [@bib0520]). Despite the available field evidence supporting an interaction between these viruses, it has been shown recently that SIV did not influence PCV2 replication in experimentally infected CDCD pigs ([@bib0710]). In this study, the pigs were inoculated intratracheally with cell culture medium only, PCV2 alone, or PCV2 followed by SIV H1N1 infection one week later. Co-infection with SIV did not increase the severity of clinical disease or gross or microscopic lesions associated with PCV2 in lungs or lymph nodes ([@bib0710]).

2.6. Porcine endogenous retrovirus {#sec0040}
----------------------------------

Porcine endogenous retrovirus (PERV) infection has been linked with poor health and disease in pigs. Conversely, in a recent study where serum samples from clinically affected PCVAD pigs and from healthy pigs obtained from the same farm were compared, no difference in prevalence of pigs infected with PERV subtypes A and C or recombinant PERV-A/C was identified ([@bib0515]).

2.7. Porcine circovirus type 1 {#sec0045}
------------------------------

Similar to PCV2, PCV type 1 (PCV1) is a circular arranged, single-stranded, ambisense, non-enveloped DNA virus with a genome size of 1,759 in the *Circoviridae* family ([@bib0700]). When pigs were infected with PCV1 alone under experimental conditions, no clinical disease was observed ([@bib0025], [@bib0170], [@bib0685]) and today PCV1 is considered to be non-pathogenic. In a Canadian field study involving 106 age matched PCVAD and non-PCVAD pigs, concurrent PCV1 and PCV2 infection was demonstrated in 13.0% (9/69) of the PCVAD cases indicating a potential role of PCV1 in PCV2 enhancement ([@bib0160]). To the authors' knowledge, an experimental co-infection with PCV1 and PCV2 has not been conducted to date.

2.8. Pseudorabies virus {#sec0050}
-----------------------

Pseudorabies virus (PRV) is a linear enveloped double-stranded DNA virus of about 145 kb in size belonging to the *Alphaherpesvirinae* which is a subfamily of the *Herpesviridae* family ([@bib0425]). PRV is the cause of Aujeszky\'s disease which may manifest as abortions, central nervous system signs, and respiratory disease in pigs causing high death loss when infection of naïve herds occurs. Under field conditions, PRV infection was demonstrated in PCVAD pigs and associated with multifocal necrotizing tonsilitis and lymphadenitis ([@bib0575]). In addition, clinical PCVAD has been reported to occur in farms endemically infected with PRV ([@bib0555]) and wild boars in Spain had a high seroprevalence for PRV-associated disease (60.6%) which was found to be linked with PPV and PCV2 seroprevalence ([@bib0590]). To the authors' knowledge, an experimental co-infection with PRV and PCV2 has not been conducted to date.

3. PCV2 and concurrent bacterial infections {#sec0055}
===========================================

3.1. Mycoplasma hyopneumoniae {#sec0060}
-----------------------------

*M. hyopneumoniae* is associated with porcine enzootic pneumonia ([@bib0175], [@bib0390]) characterized by high morbidity but low mortality in affected herds. Microscopically, the hallmark lesion associated with *M. hyopneumoniae* is hyperplasia of the bronchus-associated lymphoid tissue ([@bib0330], [@bib0595]; [Fig. 5](#fig0025){ref-type="fig"} A). *Mycoplasma hyopneumoniae* colonizes the luminal surface of bronchial and bronchiolar epithelial cells ([Fig. 5](#fig0025){ref-type="fig"}C) without invading epithelial cells ([@bib0330], [@bib0595]). Typically, PCV2 antigen in dual-infected pigs can be readily demonstrated in these areas ([Fig. 5](#fig0025){ref-type="fig"}B). The immune response induced by *M. hyopneumoniae* is complex with reports of both immunostimulation and immunosuppression ([@bib0295], [@bib0375], [@bib0420]), non-specific mitogenic effects on swine lymphocytes ([@bib0420]), and alteration in cytokine profiles secreted by activated macrophages ([@bib0045], [@bib0050], [@bib0665], [@bib0675]). In a recent field investigation involving 147 pig farms across England, one of the identified factors associated with increased PCVAD severity was seropositivity to *M. hyopneumoniae* ([@bib0005]).Fig. 5Lung; pig, 35 days after inoculation with *Mycoplasma hyopneumoniae* and 21 days after inoculation with PCV2 ([@bib0495]). (A) There is peribronchiolar lymphoid hyperplasia typical of *M. hyopneumoniae* infection. HE. (B) Abundant amounts of PCV2-antigen positive cells (brown staining) are associated with the *M. hyopneumoniae*-induced peribronchial lymphoid hyperplasia. Immunohistochemical staining with anti-PCV2 polyclonal antibody. Streptavidin--biotin--peroxidase complex method counterstained with hematoxylin. C. *M. hyopneumoniae*-specific brown staining at the luminal surface of the bronchus epithelial cells. Immunohistochemical staining with anti-*M. hyopneumoniae* monoclonal antibody. Streptavidin--biotin complex method counterstained with hematoxylin.

When conventional pigs were experimentally inoculated intratracheally with *M. hyopneumoniae* at 4 weeks of age followed by intranasal inoculation with PCV2 at 6 weeks of age, 23.5% (4/17) of the dual-infected pigs had decreased growth rate, severe lung lesions ([Fig. 3](#fig0015){ref-type="fig"}B) and severe lymphoid depletion and granulomatous lymphadenitis associated with high amounts of PCV2-antigen consistent with PCVAD ([@bib0495]). When boars were challenged with *M. hyopneumoniae* and PCV2 using an interval of two weeks between inoculations, severe clinical disease was observed in co-infected boars, which was further accompanied by shedding of high levels of PCV2 DNA in semen posing a potential risk for PCV2 infection in downstream breeding herds ([@bib0475]). Overall, these studies documented that *M. hyopneumoniae* potentiates the severity of PCV2-associated lung and lymphoid lesions by increasing the amount and prolonging the presence of PCV2-antigen thereby increasing the incidence of clinical disease in pigs.

3.2. Lawsonia intracellularis {#sec0065}
-----------------------------

Proliferative enteropathy or ileitis is associated with *Lawsonia intracellularis* (*L. intracellularis*), an obligate intracellular organism which induces very distinct microscopic lesions including proliferation of intestinal epithelium and necrosuppurative enteritis ([@bib0235]). Clinically, pigs affected by ileitis commonly range from 6 to 20 weeks of age and display diarrhea and decreased growth rates. Initially, PCV2 was indentified in cases of granulomatous enteritis in Iberian pigs naturally infected with both, PCV2 and *L. intracellularis* ([@bib0620]). In a Danish investigation involving tissues from 64 pigs with enteritis of varying intensity, 53.1% (34/64) were infected with both PCV2 and *L. intracellularis* whereas the remaining 46.9% (30/64) were infected with PCV2 alone ([@bib0240]). To confirm a possible relationship between these two pathogens, conventional pigs were inoculated with PCV2, *L. intracellularis*, or both under experimental conditions ([@bib0470]). Individual pigs inoculated with PCV2 regardless of co-infection status developed severe PCVAD characterized clinically by weight loss and microscopically by PCV2-antigen associated severe lymphoid depletion and histiocytic replacement of the majority of lymphoid tissues ([@bib0470]). This is indicative that *L. intracellularis* does not enhance PCVAD and that co-infection of pigs is likely an incidental finding.

3.3. Salmonella spp. {#sec0070}
--------------------

*Salmonella* spp. is a common infection of pigs of all ages often resulting in diarrhea of varying degree ([@bib0720]). When the effect of *Salmonella typhimurium* in PCVAD was investigated under experimental conditions using SPF pigs, *Salmonella* spp. antigen was detected sporadically along with PCV2 antigen in the same macrophages; however, PCV2, PCVAD or *Salmonella typhimurium* were not potentiated ([@bib0470]). Interestingly, when CDCD pigs were infected with PCV2 at 5 weeks of age followed by infection with *Salmonella choleraesuis* at 7 weeks of age, the severity of clinical signs, microscopic lung lesions, and fecal shedding and tissue dissemination of *Salmonella choleraesuis* was enhanced indicating that prior exposure to PCV2 may increase clinical effects of salmonellosis in the field ([@bib0655]).

4. PCV2 and concurrent protozoal or metazoal parasites or fungal infections {#sec0075}
===========================================================================

It is well established that any disease condition that compromises the immune system predisposes to parasitic or fungal infections. Since PCV2 is associated with lymphoid depletion it is not surprising that protozoal, metazoal, and fungal infections have been identified in pigs suffering from PCVAD. *Pneumocystis carinii* was reported to occur in approximately 5% of cases with PCVAD in Western Canada (Clark, 1997. Post-weaning multisystemic wasting syndrome. In: Proc Am Assoc Swine Pract, Quebec, Canada, vol. 28; pp. 499--501). A more recent study found a prevalence rate of 36.9% for *Pneumocystis* spp. in Brazilian pigs of which 28% were co-infected with PCV2 ([@bib0080]). Furthermore, 60% (47/78) of wild boars obtained from Southern Brazil had PCVAD-like lesions ([@bib0070]). Both, *Pneumocystis* spp. and PCV2 antigen were detected in 20.5% (16/78) of the wild boars ([@bib0070]).

*Cryptosporidium parvum*, a rare intestinal pathogen in post-weaning and growing pigs, was demonstrated in a three-month-old Iberian pig concurrently infected with PCV2 likely due to PCV2-associated immune-suppression leading to upregulation of the *Cryptosporidium parvum* ([@bib0455]). Furthermore, and in agreement with the immune-suppression theory, pulmonary aspergillosis was diagnosed in a PCVAD pig ([@bib0610]). In industrialized countries and large indoor pig operations, metazoan parasites play only a limited role in pig production. Nevertheless, a recent case report described the presence of *Metastrongylus elongatus* and associated fatal bronchopneumonia in a PCVAD pig ([@bib0395]) further confirming that PCVAD is a multifactorial disease process with PCV2 replication being enhanced by co-infections or *vice versa.*

5. Polymicrobial infections and their impact on PCV2 {#sec0080}
====================================================

Perhaps the best evidence that PCV2 is playing a substantial role in polymicrobial diseases of pigs is provided by the impact of PCV2 vaccines. Since becoming widely commercially available in 2006 ([@bib0485]), PCV2 vaccines are among the most commonly used commercial biological products in growing pigs worldwide. In fact, in the United States an estimated 95--98% of pigs that reach market weight are currently being vaccinated against PCV2 at or around weaning age (Edgar Diaz, Boehringer Ingelheim, Vetmedica, personal communication).

Studies carried out under field conditions and in the presence of multiple co-infections, have found a substantial decrease in mortality rate, reduced PCV2 viremia, a reduced back fat depth, reduced number of culls, a reduced time to market and reduced medication cost in pigs vaccinated against PCV2 compared to non-vaccinated pigs raised concurrently in the same herd and under similar conditions ([@bib0130], [@bib0165], [@bib0215], [@bib0225], [@bib0300], [@bib0400], [@bib0630], [@bib0660]). A recent vaccination study in a clinically affected herd showed that 93% of PCV2 vaccinated pigs but only 79% of non-vaccinated pigs reached the market ([@bib0705]).

PCV2 vaccinated pigs had markedly improved average daily gain, a higher percentage of lean meat yield, a better feed conversion rate, a higher number of closeout pigs and a higher carcass weight at slaughter compared to non-vaccinated pigs ([@bib0165], [@bib0215], [@bib0225], [@bib0300], [@bib0400], [@bib0530], [@bib0705], [@bib0730]). PCV2 vaccination had a \$5.90/pig return on investment in a recent field study conducted in a subclinically infected herd which had greater carcass weight (95 kg versus 94 kg), mean loin depth (65.1 mm versus 63.3 mm) and a greater carcass index (111.6 versus 111.1) in PCV2 vaccinated pigs compared to non-vaccinated pigs ([@bib0730]). When lung tissues were tested for presence of co-infections, the prevalence of PRRSV and *Mycoplasma hyorhinis* in lung tissues was significantly reduced in PCV2 vaccinated pigs compared to lung samples of placebo-treated animals ([@bib0300]). In a recent meta-analysis investigating the effect of PCV2 vaccination on average daily weight gain in growing pigs, a significant effect was found in all production phases, with a significantly larger average daily gain in herds negative for PRRSV ([@bib0320]).

To better mimic what is going on under field conditions and to have an improved model to test the efficacy of different treatment strategies for PCV2, polymicrobial experimental inoculations have gained importance in recent years. It is not uncommon to inoculate pigs concurrently with PCV2 and PRRSV ([@bib0465], [@bib0640]), PCV2, PRRSV and SIV ([@bib0500]), or PCV2, PRRSV and PPV ([@bib0490], [@bib0635]). The PCV2 and *M. hyopneumoniae* co-infection model was recently used to investigate the effect of PCV2 vaccination on boars with emphasis on clinical disease and PCV2 shedding in semen ([@bib0475]). When using a PCV2 challenge with one or more co-infecting pathogens, PCV2 vaccination is typically able to reduce or even prevent PCV2 viremia in vaccinated pigs and reduce the prevalence and severity of clinical disease ([@bib0475], [@bib0490]).

6. Mechanisms by which co-infecting pathogens are thought to enhance PCV2 replication and PCVAD {#sec0085}
===============================================================================================

Some known mechanisms by which pig pathogens interact include damaging of the mucociliary apparatus in respiratory tissues to allow bacterial colonization ([@bib0365], [@bib0550]), inducing immune suppression ([@bib0565]), altering cytokine responses ([@bib0670]) or affecting macrophage function ([@bib0110]). Several of these mechanisms can potentially be applied to PCV2 and PCVAD.

It has been suggested that PCV2 replication is enhanced by simultaneous infection of target cells and initiation of the host cells replication by the co-pathogen. It has been reported that new cellular DNA synthesis is the only *in vivo* prerequisite for PCV2 replication ([@bib0265]) implying that PCV2 requires support for activation of host cell replication. For example, it is possible that new DNA synthesis, mitosis and PPV-induced proliferation of histiocytes and macrophages, cell types in which PCV2 antigen can be identified frequently ([@bib0650]), provide ideal conditions for PCV2 replication and dissemination ([@bib0275]). Similarly, the mechanism involved in potentiation of PCV2 replication in PCV2--PRRSV co-infected pigs may relate to the fact that monocytes and macrophages are common targets of both of these viruses ([@bib0030]).

Alteration of the host cytokine response to create a more favorable environment for PCV2 is another possible mechanism for PCV2 upregulation. It has been demonstrated that treatment of porcine kidney-15 cell cultures with IFN-γ causes a 20 times higher production of PCV2 progeny ([@bib0410]) indicating that any other pathogen which triggers IFN-γ expression *in vivo* ultimately could increase PCV2 replication. Increase of IFN-γ levels in pulmonary alveolar macrophages and bronchial lavage fluid is a common response to swine respiratory pathogens such as PRRSV and *M. hyopneumoniae* infection ([@bib0750]). Recently, cytokine and chemokine mRNA expression profiles were determined in tracheobronchial lymph nodes from 28 pigs singularly infected with PCV2, *M. hyopneumoniae*, or dual-infected ([@bib0735], [@bib0740]). Overall, *M. hyopneumoniae* potentiated PCV2 infection by increasing IFN-γ and IL-10 mRNA expression levels. The increase of IFN-γ and chemokines, and decrease of IFN-α in pigs singularly infected with PCV2 or dual-infected was correlated with increased severity of lymphoid lesions and presence of PCV2 antigen. This likely provides evidence that increased severity of lesions in dual-infected pigs was associated with presence of PCV2 antigen and alterations of cytokine mRNA expression profiles ([@bib0735], [@bib0740]).

Studies using concurrent PPV and PCV2 infection have lead to the speculation that PPV-induced immune dysfunction allows enhanced replication of PCV2 or PPV infection and may activate monocytes which become more susceptible to PCV2 ([@bib0020]). Under cell-culture conditions, concurrent PCV2--PPV infection has been shown to decrease the ability of porcine pulmonary macrophages to phagocytose ([@bib0360]). Excessive production of tumor necrosis factor (TNF)-α, a cytokine that is involved in systemic inflammation and acute phase reactions, in response to PPV has been implicated as a potential contributor to PCVAD ([@bib0285]). An *in vitro* assay for TNF-α, conducted on alveolar macrophages obtained from pigs co-infected with PCV2 and PPV, showed a significant increase in TNF-α compared to macrophages infected alone with either PCV2 or PPV ([@bib0285]). In experimental models, all pigs inoculated with PPV alone or in combination with PCV2, displayed IL-10 responses in serum while only pigs infected with PPV in combination with PCV2 showed TNF-α in serum on repeated occasions ([@bib0210]). As IFN-γ production was reduced in this model, induction of TNF-α secretion by PPV ([@bib0285]) could promote the high levels of PCV2 typically seen with this particular co-infection.

It has also been suggested that pathogens such as PRRSV may interfere with PCV2 clearance, thereby favoring the persistence of PCV2. In this regard, PRRSV infection at the time of PCV2 infection significantly prolonged the presence of PCV2 DNA in serum and increased the amount of PCV2 DNA in oral and nasal secretions and fecal excretions in the later stages of infection ([@bib0645]). The exact mechanisms of this phenomenon are unknown thus far, but PRRSV-induced immunosuppression and immune response modifications have been shown to play a role in the pathogenicity of other respiratory viruses ([@bib0255]) and may contribute similarly to PCV2 pathogenesis. The observations of reduction of a PRRSV-associated cytopathic effect *in vitro* in cells co-infected with PCV2 and PRRSV ([@bib0095]) and increased *de novo* expression and production of Fas ligand thereby increasing apoptosis ([@bib0090]) may also be applicable in *vivo* and may contribute to accelerated and prolonged disease commonly observed in PRRSV--PCV2 co-infected pigs.

It was found that the origin of replication of PCV2 genome contains an interferon-stimulated response element (ISRE)-like sequence (CTTCTTTCGTTTTCAGCT) ([@bib0380]). To assess the role of ISRE in PCV2 pathogenesis during co-infection, an ISRE-mutant PCV2 was constructed and used to experimentally infect pigs singularly or in combination PRRSV ([@bib0560]). It was determined that mutation of the PCV2 ISRE caused an apparent increase of virulence in pigs co-infected with PCV2 and PRRSV at 14 dpi. The authors speculated that in the context of co-infections, IFN-γ induced transcription factors were unable to bind to the ISRE mutant, thus resulting in increased replication or, alternatively, that IFN-γ played a protective role during the early stages of PCV2--PRRSV co-infection ([@bib0560]). To further investigate the role of PRRSV on PCV2, the PCV2 genomes recovered from clinically affected PCV2--PRRSV co-infected pigs were sequenced and compared ([@bib0725]) indicating that PCV2 ORF1 is highly conserved with only four polymorphic sites. In contrast, polymorphic sites were clustered in the capsid protein, and overlapped with the immunoreactive epitopes ([@bib0725]). Although in general, this approach could give some useful hints on differences in disease expression among pigs, unfortunately, PCV2 genomes from non-PRRSV infected pigs were not included so the importance of this finding and the role of PRRSV remain undetermined.

7. Conclusions {#sec0090}
==============

Since the initial recognition of PCV2 in 1998, this virus and its effect on the pig have been well characterized in the field and experimentally. Several experimental models capable of reproducing clinical PCVAD are now available. Comparison of outcomes between experiments is somewhat challenging as this work has been done by several groups across the world using different PCV2 isolates, different virus inocula doses, different routes of inoculation, different pig types (gnotobiotic, CDCD, CD, SPF, conventional) and ages, different sequences of infection and different co-infecting agents. However, based on this growing body of evidence from the field and research community it is clear that PCV2 infection can be upregulated and PCVAD can be enhanced by concurrent infection with a variety of pathogens. Moreover, in most controlled experiments, concurrent infection increased levels of PCV2 while the opposite, upregulation of the concurrent pathogen, was an inconsistent finding.

As demonstrated with TTSuV--PCV2 co-infection ([@bib0155]), timing and sequence of co-infections may be an important factor and needs to be further investigated in order to gain more insight into the pathogenicity of PCV2 infection. It is of interest, that in one study where PCV2 was given first (subclinical PCV2 infection in sows and their piglets), the co-infecting pathogen (PEDV), and not PCV2, was up-regulated ([@bib0250]).

The impact and regimens for control of PCVAD in growing pigs have been well studied and disseminated but the impact and most effective approach to control PCV2-infection in breeding herds still needs more research. Based on current knowledge, it is important that veterinary practitioners and diagnosticians do a thorough diagnostic investigation on herds where PCVAD is a recurrent problem. Prevention efforts should not only focus on efforts to eliminate or reduce PCV2 via vaccination but also to reduce the farm-specific pathogen load in general.
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